Introduction
The study of the chemical composition of atmospheric aerosols is important due to the possible presence of toxic heavy metals, and because it may provide insights as to their origin. The latter is rendered somewhat difficult since atmospheric emissions of heavy metals from anthropogenic sources (e.g., Pb) are concentrated mainly in submicrometer aerosols which can be transported long distances and deposited over large areas of the Earth. However, the composition of stable lead isotopes provides an effective method of monitoring such longrange atmospheric transport of pollution [e.g., Sturges and Barrie, 1987; Maring et al., 1987; Sturges and Barrie, 1989] . Anthropogenic Pb is derived predominantly from nonferrous ore deposits and is released to the environment primarily by the combustion of alkyl-leaded gasoline and as a by-product of industrial activities. In North America, however, use of alkyl-leaded gasoline was banned in the late 1970s subsequent to the adoption of clean air legislations by the United States and Canada. Consequently, aquatic Pb concentrations in both urban and suburban environments in the United States show a maximum in the late 1970s and have drastically declined, in large part, in response to the Clean Air Act [Callender and Van Metre, 1997] .
According to the 1996 Summary Report of the Canadian National Pollution Inventory [Environment Canada, 1998 ], amongst the top 25 pollutants released into the environment (air, land, water, underground) , there were 953 and 736 tons of atmospheric emissions of Zn and Pb, respectively. More specifically, in the province of Quebec, atmospheric emissions of these two metals were 309 (32% of total) and 339 (46% of total) tons, respectively. Of particular importance to this study is the location of a major Zn refining plant (CEZinc) located 25 km to the northeast of St. Anicet (Figure 1 ). The annual atmospheric emissions associated with the latter are 1536 and 108,703 kg of Cd and Zn, respectively [Environment Canada, 1998] . Moreover, also shown in Figure 1 are main anthropogenic source points for heavy metals related to smelting activities at Sudbury (Ontario) and Noranda (Québec), which release, respectively, 204,680 and 140,100 kg of Cu; 52,470 and 318,400 kg of Pb; and 115,000 kg of Zn at Noranda [Environment Canada, 1998 ].
Zn. On the basis of their results, the mean, annual depositional budgets (g km Ϫ2 ) for Pb, Cd, Zn, Cu, and Mn for the three sites are 1600, 500, 10,600, 3100, and 3800, respectively [Sweet et al., 1998 ]. Compared to previous estimates of heavy metal depositional budgets from within the Great Lakes region and the interior of continental North America, those of Sweet et al. [1998] are lower in particular for Pb.
Investigations on the Pb isotopic composition of the atmosphere in North America have recorded the signature, mainly in terms of 206 Pb/ 207 Pb and 208 Pb/ 206 Pb ratios, of the anthropogenic component emitted from different regions of the globe [e.g., Shirahata et al., 1980; Barrie, 1987, 1989; Véron et al., 1992; Rosman et al., 1994; Graney et al., 1995] . Overall, the 206 Pb/ 207 Pb values range from ϳ1.10 to ϳ1.15 for Europe and the Mediterranean region, and ϳ1.15 and ϳ1.20 for Canadian [Sturges and Barrie, 1987] and U.S. [Véron et al., 1992; Rosman et al., 1994] sources, respectively. Sampling and subsequent Pb isotopic analysis of aerosols emitted from anthropogenic and natural sources (e.g., soil dust, sea salts, vegetation) may be determined directly with the use of high-[e.g., Sturges and Barrie, 1987; Hopper et al., 1991] and low-volume [Bollhöfer et al., 1999] air samplers. Indirect sampling methods of atmospheric constituents include the study of sediments or soils [Erel et al., 1997] , epiphytitic lichens [Carignan and Gariépy, 1995] , moss [e.g., Rosman et al., 1998 ], peat bog [e.g., Shotyk et al., 1998 ], surface waters from lacustrine and/or marine environments [e.g., Véron et al., 1987; Hamelin et al., 1990 Hamelin et al., , 1997 , glacier ice [e.g., Rosman et al., 1993] , snowpack [e.g., Simonetti et al., 2000, also Chemical and Pb and Sr isotopic study of 1998 snowpack from northeastern North America: Sources and deposition budgets of atmospheric heavy metals, submitted to Geochimica Cosmochimica Acta, 2000, hereinafter referred to as Simonetti et al., submitted manuscript, 2000] , and wet precipitations such as snow or rain [e.g., Church et al., 1990; Véron et al., 1992] . The latter are known to be effective scavengers of the chemical species present in the atmosphere; however, their "washout" ratios are not constant and can depend on meteorological conditions [Misra et al., 1985] and the type of precipitation [e.g., Raynor and Haynes, 1983] .
As a proxy to quantify heavy metal deposition on a relatively short timescale (months) and investigate possible variations in the sources of pollution over eastern Canada, Simonetti et al. [2000] determined elemental concentrations, and Pb and Sr isotope ratios for core samples of snowpack along two main transects (north-south in winter of 1994; St. Lawrence Valley in winter of 1997; Figure 1 ). The reason being that, in general, variations in the chemical composition of snowfalls reflect chemical differences within the air masses from which they are derived [Jones and Stein, 1990] . Thus the chemical and isotopic compositions of snow cores should represent a "naturally" weighted sample of the wet and dry atmospheric aerosols deposited over a period of 3 to 5 months. Subsequently, a follow-up Pb and Sr isotopic study of snowpack from northeastern North America (Figure 1 ) was conducted during the 1998 winter season in order to determine the possible existence of any interannual (1997 versus 1998) differences in the sources and pathways of atmospheric pollution (Simonetti et al., submitted manuscript, 2000) .
In this study, individual event (during winter season) and integrated (over ϳ2 weeks) precipitation samples were collected during the period December 1997 to June 1999 using an automated sampling system at the meteorological stations of St. Anicet and L'Assomption ( Figure 1) . The station at St. Anicet is located within a rural setting at ϳ100 km southwest (predominant upwind direction) of Montreal. L'Assomption is at ϳ50 km northeast of Montreal in the predominant downwind position within a semiurban environment. The aims of this study are to (1) determine the seasonal variation (if any) in the sources of atmospheric pollution using Pb and Sr isotope data measured for precipitation samples; (2) examine the variability in the chemical and isotopic signal of individual precipitation events, and attempt to correlate differences to their air mass back trajectories; (3) establish the possible influence of the Montreal "pollution plume" using the isotopic and chemical data from L'Assomption (downwind location); and (4) compare the chemical and Pb and Sr isotopic data obtained here to those for snowpack from northeastern North America collected during the 1994 , 1997 [Simonetti et al., 2000 (Simonetti et al., submitted manuscript, 2000 winter seasons. The automated precipitation sampling system employed at both stations essentially eliminates "dry" deposition of aerosols, whereas snowpack represents a naturally weighted sample of the wet and dry atmospheric aerosols deposited over a period of 3 to 5 months. Hence, this comparison allows for an indirect evaluation of the level of dry deposition recorded in snowpack.
Sampling and Analytical Methods
The criteria used to locate the meteorological stations are those put forward in the Integrated Air Deposition Network (IADN) agreement between the United States and Canada. These criteria assure that the concentrations of aerosols recorded at the stations are those of background levels, between Montreal and eastern Ontario, and not those of local point sources of pollution [Koprivnjak et al., 1994; Matthieu et al., 1995] . The station at St. Anicet is situated along the St. Lawrence River (latitude: 45Њ07ЈN; longitude: 74Њ17ЈW; Figure 1 ). The site is a flat, grassy rural area surrounded by farms and some (deciduous) wooded areas located ϳ6 km to the southeast of the town of St. Anicet (population ϳ2000). The station at L'Assomption is situated in a semiurban setting on the north shore of the St. Lawrence River between Montreal and Quebec City (latitude: 45Њ49ЈN; longitude: 73Њ26ЈW; Figure 1 ). The station is situated on a grassy area (ϳ30 m ϫ ϳ50 m), which is surrounded by agricultural land to the north and northeast and uncultivated land to the south [Matthieu et al., 1995] . The site is ϳ5 km north of a major highway and at Ͻ50 m from road 344. In addition, buildings (ϳ8 m in height) belonging to the experimental farm from Agriculture Canada are approximately 100 m to the east, and a plastics recycling plant (IPEX) is located Ͻ500 m to the west. It is obvious that several of the sampling criteria are not met for the station at L'Assomption; however, its location can be used to evaluate the influence of anthropogenic emissions from Montréal. Both stations are equipped with standard meteorological instrumentation for the monitoring of temperature, relative humidity, and wind speed and direction. Collection of wet precipitations was carried out using B200 CAPMON samplers equipped with "pretested" polyethylene bags. The instruments are installed on a nontreated cedar platform at 2 m elevation from ground level [Koprivnjak et al., 1994] .
Studies on the frequency of wind directions for the region of St. Anicet (measured for over 1 year; 1992-1993) indicate that the predominant directions are from the west (32.8%) and southeast (13.8%) [Koprivnjak et al., 1994] , whereas those at L' Assomption (1994 Assomption ( -1995 are from the southwest (23.9%), north (15.4%), west (13.9%), northeast (12.8%), and northwest (12.6%) [Matthieu et al., 1995] . The climatology of precipitation in these two regions, compiled over the period of 1937 to 1990 at St. Anicet and 1930 to 1990 at L'Assomption, both indicate average, annual totals of 986 mm, with the months of June, July, and August receiving the most rain [Koprivnjak et al., 1994; Matthieu et al., 1995] . Both regions receive, on average, approximately 200 cm of snow annually with the months of December and January recording the highest snowfall accumulations.
Precipitation samples at both stations were retrieved for a period of Ͼ1 calendar year (December 1997 to June 1999 , and these may be grouped into two main types; (1) they represent either individual precipitation events collected from December 1997 to March 1998; or (2) integrated samples collected at ϳ2 week intervals from the end of March 1998 onward. Of importance, the precipitation record is not entirely continuous since several individual precipitation events or integrated samples were missed due to unexpected mechanical problems associated with the automated samplers at either station. In some cases, the mechanical failures were related to inclement weather, such as the "ice storm of the century (January 6 -9, 1998)," which crippled the sampler at St. Anicet for ϳ1 week.
The B200 CAPMON wet precipitation sampler is equipped with a 10 L plastic bucket lined with a "pretested (low blank)" polyethylene bag. Automated sampling is controlled via a thermal sensor which displaces the cover from the bag upon detection of precipitation (snow or rain). The cover is then moved back into position over the sampling bag (bucket) ϳ2 min following cessation of the precipitation event. Consequently, this sampling method reduces to a minimum dry deposition of aerosols. Individual polyethylene bags were rinsed with 2 L of nanopure water (18.2⍀) prior to installation in order to ensure the removal of any loosely bound dust particles (if present). During sample removal from the instrument the bucket containing the sample was placed in the upwind direction and covered with a clean plastic cover. The bags were immediately sealed and in the event of a snow (ice) sample, these were melted an hour or two later with the use of a microwave oven. The meltwaters were subsequently collected in precleaned polyethylene bottles and stored in a cold room at 4ЊC. A trace element analysis of a blank solution (pH Ϸ 4.3) subjected to an identical sample collection routine is listed in Table 1 (sample STA-97-1) and indicates that background levels are negligible. All analytical results listed in Tables 1 to 5 were obtained on filtered (0.45 m) aliquots of the bulk samples using a precleaned acetate cellulose filter and a peristaltic pump equipped with teflon tubing. Cleaning procedure for the acetate cellulose filters and teflon tubing involved "filtering" approximately 1 L of nanopure water prior to sample processing. Subsequent to cleaning, the first ϳ30 mL of filtered meltwater was discarded as part of the filter and tubing precontamination procedure.
All laboratory treatments were carried out in a class 100 clean-room environment. Separation of Pb from a 100 mL aliquot of meltwater was obtained using a two-step anion-exchange chromatographic procedure (modified after Manhès et al. [1980] ). Strontium was separated from the very same aliquot of water using the wash fraction from the Pb chemistry and conventional cation-exchange chromatography. Total procedural blanks were Յ100 pg for Pb and Ϸ70 pg for Sr. The blank-to-sample ratio for Pb and Sr in the least abundant samples is at most 2% and 1%, respectively, and are both negligible. The isotopic compositions for Pb and Sr were determined by thermal ionisation mass spectrometry (TIMS). Sr aliquots were loaded using a TaF solution on Re filament, whereas Pb aliquots were loaded on a single Re filament using a silica gel-H 3 PO 4 acid mixture. Repeated measurements of the National Institute of Standards and Technology (NIST) SRM 981 Pb standard yielded an average external reproducibility of Ϯ0.1% amu Ϫ1 (2). Pb concentrations measured by isotope dilution TIMS were obtained on a separate Ϸ10 mL aliquot and a 206 Pb spike (99.997% pure). The latter was calibrated against the NIST SRM 981 metal standard using a series of spike-standard mixtures. The pH measurements were obtained with a Fisher Accumet portable meter using a onepoint standardization with automatic temperature compensation technique on a Ϸ30 mL aliquot of sample. Trace element data were obtained at the CNRS Centre de Recherches Pét-rographiques et Géochimiques (Nancy) by inductively coupled plasma-mass spectrometry (ICP-MS). Instrumental parameters were adjusted such that the signals from oxides and doubly charged ions were Յ3% and Յ2%, respectively. Reference solutions were prepared using ultrapure reagents and certified (1997) (1998) (1999) Pb abundances in parentheses represent values determined by isotope dilution on a separate aliquot. Blank concentration determinations were obtained from an aliquot of nanopure water acidified to pH ϳ 4.3, poured into a pretested polyethelene bag for automated samplers at meteorological station. This solution was subsequently filtered at 0.45 m and followed by storage (at T ϳ 4ЊC) in a cleaned polyethylene bottle for a period of several months. Asterisks represent "integrated" samples of precipitation since these were collected predominantly at ϳ2 week intervals. Concentrations are in ppb.
NIST Traceable Reference Material (NTRM) reference solutions. Accuracy was controlled with repeated measurements of natural (SLRS-4) and synthetic (NIST 1643d) water standards. Only external calibration was used, and correction for instrumental drift was not required. Additional analytical details involving trace element analyses obtained by ICP-MS are described by Simonetti et al. [2000] .
Results

Trace Element Abundances
Tables 1 and 2 list the precipitation totals (mm), pH values, and trace element abundances for precipitations collected from the stations of L'Assomption and St. Anicet. On the basis of the date of precipitation or sampling interval (Tables 1 and  2) , samples are subdivided into their respective seasons defined according to the solstice dates (21st day of March, June, September, and December). The latter are purely arbitrary subdivisions and have no immediate significance on prevailing (or change) in climatic conditions/patterns. However, seasonal grouping of the data is used in several diagrams (e.g., Figures 3 and 5) in order to facilitate the monitoring of temporal changes in the chemical and isotopic composition of the precipitations.
With the exception of two precipitation samples from L'Assomption (LAS-98-21, -32), the range in pH values defined by the remaining samples is from ϳ3.9 to ϳ5.0. This is similar to that defined by snowpack retrieved during the 1997 [Simonetti et al., 2000] and 1998 (Simonetti et al., submitted Assessment, 1984] , and the province of Quebec [Boulet and Jacques, 1995; Poissant et al., 1997] . Also shown in Tables 1 and 2 are the weighted mean abundances for the trace elements analysed in this study. The mean abundances for the heavy metals are higher at St. Anicet compared to those for L'Assomption, especially those for the winter 1997-1998, spring 1998, and summer 1998 seasons. This is especially intriguing since the station at St. Anicet is located in a rural site, whereas L'Assomption is considered a semiurban site. During the spring 1998 season, precipitations at both stations recorded elevated concentrations for the nonheavy metals (Tables 1 and 2 ), a feature that may be attributed to the melting of the snowpack and subsequent increase in the level of dust from natural sources (e.g., soils). The abundances of Pb, Cu, Zn, Cd, and Sr, and precipitation amounts for 18 identical samples (integrated and individual events) from both stations are plotted in Figure 2 . First, precipitation amounts ( Figure 2a) for most of the samples do not show any systematic bias, and the values tend to plot close to the 1:1 line. This feature suggests that the amount of below-cloud scavenging (washout) was roughly identical for most of the samples shown in Figure 2a . Second, the Pb concentrations do not show any significant correlation between stations (Figure 2b ), in contrast to the Cu, Zn, and Cd abundances which are somewhat higher in the samples from St. Anicet for the same events (Figures 2c,  2d , and 2e). Of interest, it is most of the same samples from St. Anicet which contain the highest concentrations of Cd, Cu, and Zn (Figures 2c, 2d , and 2e). This feature along with the higher mean abundances for heavy metals at St. Anicet may be attributed to the atmospheric emissions from the Zn refining plant (CEZinc) located 25 km to the northeast of St. Anicet. The exception being, however, the summer samples (samples 25 and 27) from St. Anicet which contain the highest concentrations of Cu (ϳ2.0 to 3.0 ppb) compared to the remaining samples from both stations without elevated abundances for the other heavy metals (Tables 1 and 2 ). Lastly, in contrast to the trends exhibited by most of the heavy metals, Sr abundances are higher in most of the precipitation samples from L'Assomption (Figure 2e ), in particular for those during the fall 1998 season (Table 2) .
Two main mechanisms combine to control the removal of approximately 75-80% of the atmospheric pollutants to the surface of the Earth; these are in-cloud scavenging or rainout, and below-cloud scavenging or washout [Radke et al., 1980; Beattie and Whelpdale, 1989; Poissant et al., 1994] . The quantity removed, however, is highly dependent on several factors, such as the chemical species, location of sampling relative to emission sources, and on the frequency of precipitation events [e.g., Poissant et al., 1994] . When washout is the dominant process of removal, elemental concentrations in the droplets will be much higher at the beginning of the precipitation event and decrease to zero toward its end [Gatz et al., 1971] . Thus, for an individual event, an inverse correlation should be expected between average concentration and total precipitation amount . Precipitation totals (mm) for individual events from both meteorological stations during the period of December 1997 to May 1998 are listed in Tables 1 and 2 . For integrated samples, precipitation totals listed represent the sum of those for individual events for the period of time involved. The most significant, negative correlations between the abundances of heavy metals and precipitation totals occur for events at L'Assomption for Cd (r 2 ϭ 0.75) and Cu (r 2 ϭ 0.39); whereas for elements typically derived from "natural" sources, only Ba (r 2 ϭ 0.55) and Sr (r 2 ϭ 0.44) yielded well-defined trends. This would suggest that significant atmospheric emissions of these elements originate from Montreal since below-cloud scavenging (washout) is expected to be a more important process for a station located in its downwind position. Similar, negative correlations were not defined between elemental abundances and precipitation totals for events at St. Anicet and would lend support to this interpretation. In a trace element study of precipitation events (n ϭ 65) during the summer of 1989 over the island of Montréal, Poissant et al. [1994] concluded that the abundances for most of the elements analyzed appear to be governed essentially by washout (below-cloud scavenging) with the exception of Pb. The removal of Pb from the atmosphere therefore seems to be governed by long-range transport and rainout (in-cloud scavenging). Even elements derived predominantly from natural sources, such as Al, Ti, and Fe, yielded a significant correlation with rainfall amount .
One method of evaluating the relative contribution from natural (i.e., soil dust) versus anthropogenic sources of aerosols, based upon elemental ratios, is usually expressed in the form of enrichment factors (E.F.). The latter is defined as the concentration ratio of a given element to that of Al (or any other element thought to be derived exclusively from a crustal source, such as Si) normalized to the same concentration ratio characteristic of the upper continental crust [e.g., Taylor and McLennan, 1995] . For example, the enrichment factor for Pb is thus (E.F.) Pb ϭ (Pb/Al) sample /(Pb/Al) crust . However, given the large natural variations in the composition of crustal materials exposed to surface erosion and the diversity of biogeochemical processes affecting soil development at a global scale, enrichment factors within Ϯ10 times the mean crustal abundances (i.e., E.F. between 0.1 to 10) do not likely identify the presence of materials other than aerosols of a crustal origin [Duce et al., 1976] . Conversely, any (E.F.) metal Ͼ Ͼ 10 strongly suggests contributions from other sources, whether they be related to biological functions on land or ocean, physical transfer of water droplets to the atmosphere, and human activities. The range in median E.F. values relative to upper crustal abundances are 9000 -14,000 (Cd), 350 -515 (Cu), 30 -40 (Mn), 620 -778 (Pb), and ϳ1000 (Zn) for samples from both stations (Table 3) , and these are indicative of an anthropogenic origin. These are in excellent agreement with those determined in rainfall events (n ϭ 65) over Montreal during the summer of 1989, which yielded median values for Cd, Cu, Mn, Pb, and Zn of 3100, 522, 30, 549, and 1210, respectively . Table 3 also compares the enrichment factors obtained here to the ranges determined for 1997 and 1998 snowpack collected from various regions of NE North America [Simonetti et al., 2000 [Simonetti et al., , also submitted manuscript, 2000 . The enrichment factors for the various elements analzyed in this study fall within the range defined by the snowpack samples with the exception of Zn (Table 3 ). The (E.F.) Zn values for 1997 and 1998 snowpack are, in general, much higher compared to the precipitation samples from both meteorological stations, and may be attributed to the absence of a dry deposition component in the latter. It is clear that some differences exist, both in terms of seasonal values (Tables 1 and 2 ) and for individual samples (Figure 2) , in the trace element abundances for precipitations retrieved at both stations. The use of Pb isotope ratios may help provide insights into the source (local or distant?) of the elevated Cd, Cu, and Zn abundances for the samples from St. Anicet. In addition, Sr abundances are somewhat higher at L'Assomption compared to St. Anicet, and 87 Sr/ 86 Sr ratios for precipitations from both stations may indicate whether these are attributable to different anthropogenic (?) point sources.
Pb and Sr Isotopes
Pb and Sr isotope ratios for samples of precipitation analyzed from both meteorological stations are listed in Tables 4  and 5 , along with the calculated, seasonal weighted means. (Figure 3a and Table 4 ). In contrast, precipitations collected during the fall, spring, and winter seasons (for both 1998 and 1999) at St. Anicet yield a similar range in 206 Pb/ 207 Pb values ( Figure 3a and Table 4 ). Compared to the Pb isotope results from St. Anicet, those from L'Assomption do not define such a pronounced seasonal variation ( Figure 3b and Table 5 ).
The Pb isotope data listed in Tables 4 and 5 (Figure 4 ). This result clearly indicates that a third anthropogenic endmember, which is characterized by a relatively unradiogenic Pb isotopic composition ( 206 Pb/ 207 Pb Ͻ Ͻ 1.15), is required in order to explain the entire variation of the Pb isotope data shown in Figure 4 .
The temporal variation in 87 Sr/ 86 Sr ratios for samples from (Figure 5) . In addition, the entire range in 87 Sr/ 86 Sr values (ϳ0.707 to ϳ0.710) measured for precipitations collected at both stations is similar to that defined by snowpack retrieved form NE North America during the 1997 [Simonetti et al., 2000 (Simonetti et al., submitted manuscript, 2000 winter seasons.
Of the individual precipitation events collected during the 1998 winter season (Figure 6a) , it is only the samples 7 from both stations that yield identical 206 Pb/ 207 Pb ratios (ϭ 1.176) for the same precipitation event. This finding is somewhat surprising given the relative proximity of the two meteorological stations (ϳ150 km apart). Moreover, individual precipitation events for the 1998 winter season do not exhibit a systematic temporal variation relative to one another (Figure 6a ) since their Pb isotope ratios may be either more or less radiogenic at either meteorological station for the same event.
Discussion
Sources of Pollution and Air Mass Back Trajectories
The concept of Atmospheric Region of Influence (AIR-SHED), which is the study of geographic regions contributing aerosols arriving at a certain sampling station, is analogous to that of outlining hydrographic basins [Summers and Young, 1987] . The AIRSHED associated with a sampling location is particular to that site and may only be explained in terms of a statistic probability. The calculation of atmospheric regions of influence are only possible using air mass trajectories, the latter defined as the position occupied by a parcel of air as a function of time. The transport path of pollutants in the atmosphere can be described reasonably well by air parcel trajectories [Knap, 1990] . The most severe approximations in retrospective air mass trajectory calculations is that the motion of the air is dry adiabatic and that the air parcels retain their identity over the period of the analysis [Merrill et al., 1989] . The air mass trajectory is controlled, at all times, by the threedimensional aspect of wind (vertical and horizontal components). However, it is a well established fact that trajectory models are extremely sensitive to spatial and temporal gaps in meteorological measurements, and to the assumed conditions of transport (e.g., isobaric, isentropic) [Kahl, 1993] . Conse- quently, the use of a single air mass back trajectory to determine a direct meteorological link between a source and a receptor is problematic. Trajectories in the vicinity of weather systems with large wind shears can diverge rapidly, revealing the possibility for simultaneous transport from source regions separated by large distances [Kahl, 1993] .
Long-term air mass back trajectories have been determined using meteorological data collected twice per day from the period January 1986 to December 1990 for both St. Anicet [Koprivnjak et al., 1994] and L'Assomption [Matthieu et al., 1995] . The three-dimensional Atmospheric Environment Service (AES) model [Olson et al., 1978] was used to reconstruct air parcel movements, back in time from the sampling sites, in the horizontal as well as the vertical directions. The movements were described by segment end points of coordinates in terms of latitude, longitude, and height of the air parcel at each point. Five-day back trajectories were calculated at the 925 mbar level every 6 hours, four times a day (at 0000, 0600, 1200, and 1800 UTC) using wind data from the Canadian Meteorological Centre. The model uses three-dimensional objectively analyzed wind fields at four pressure levels: 1000, 850, 700, and 500 mbar. Cubic interpolation is used to obtain winds at intermediate levels in the vertical direction and between horizontal grid points. The trajectory computations were performed on the standard Canadian Meteorological Centre grid of 381 km. Trajectories computed at the 925 mbar level are used here since these represent large-scale transport within the midlatitude regions.
The results from the trajectory analyses are shown in Figure  7 [from Koprivnjak et al., 1994; Matthieu et al., 1995] . This illustrates the cumulative frequency distribution for parcels of air reaching the stations of St. Anicet and L'Assomption as a function of their distance from the stations during a 24-hour period of travel (Figure 7a) , and for varying periods (days) of travel ( Figure 7b ). The line labeled 50% (i.e., median value) in Figure 7a and 1-day travel lines (Figure 7b ) define an almost identical geographic coverage, indicating that these represent the most probable conditions for parcels of air arriving at the stations of St. Anicet and L'Assomption [Koprivnjak et al., 1994; Matthieu et al., 1995] . The geographic areas encompassed by both curves include prominent sources of anthropogenic pollution, such as the industrial and urban areas surrounding Véron et al. [1992] , Rosman et al. [1994] , and that for Canadian anthropogenic emissions (labeled CAN and shaded gray) taken from Carignan and Gariépy [1995] . Field for Eurasian (pluses) anthropogenic component taken from Rosman et al. [1998] . Analytical uncertainties are within the size of the symbol. Legend: W, winter; SP, spring; S, summer; F, fall. Wgt. Avg. is weighted average Pb isotopic compositions for 1 year for precipitations from St. Anicet and L'Assomption (see text for details). Lake Ontario (i.e., Toronto) and the eastern part of Lake Erie, the mining/smelting activities within the regions of TimminsVal d'Or-Noranda and Sudbury, and urban activity associated with Montréal and Québec City (Figure 1) . As stated earlier, the smelting activity at Sudbury constitutes an important source of atmospheric emissions of Cu and Pb, whereas those in the Noranda region are important emitters of Cu, Pb, and Zn.
Given that the residence times of Pb (7-30 days) and other heavy metals (e.g., Cd: 7 days) in the atmosphere is longer than 5 days [e.g., Seinfeld and Pandis, 1998 ], it is, however, possible that precipitations collected at the two meteorological stations scavenged atmospheric constituents derived from anthropogenic sources outside the curves shown in Figure 7 . One such possible source is Eurasian pollution being transported over the high Arctic, in particular during the winter season, because of favorable meteorological conditions and prevailing wind directions [Barrie and Hoff, 1985; Barrie et al., 1992] . On the basis of the Pb isotope systematics for 1997 snowpack from the NE region (latitude: 48Њ-50ЊN) of the province of Quebec, Simonetti et al. [2000] suggested that these winter precipitations recorded such anthropogenic inputs from Eurasia. Moreover, the fact that the 1998 summer precipitation samples from St. Anicet plot within the field defined by the Eurasian anthropogenic component would lend support to this interpretation (Figure 4) . However, the Pb isotope data for 1998 snowpack samples from this same region do not indicate the involvement of an Eurasian anthropogenic component since these plot along the mixing "array" (Figure 4 ) between the estimated Pb isotope compositions for Canadian and U.S. anthropogenic sources (Simonetti et al., submitted manuscript, 2000) . Similarly, the Pb isotopic ratios for most of the precipitation samples obtained in this study plot along the same mixing array and overlap those for most of the 1997 and 1998 snowpack samples (Figure 4) . The only exceptions being the 1998 summer precipitation samples from St. Anicet, which clearly yield relatively unradiogenic Pb isotopic compositions. One possible anthropogenic source for such unradiogenic Pb isotope compositions include smelter emissions from nearby Sudbury (Ontario) since the ore has a 206 Pb/ 207 Pb value of Ϸ1.01 [Cumming and Richards, 1975] . One of the reasons being that the latter is located in the predominant upwind direction since a study of the frequency distribution of wind directions, conducted during October 1992 to December 1993, within the regions of the meteorological stations [Koprivnjak et al., 1994] indicates that the dominant wind directions were from the west (32.8%), southeast (13.8%), south (8.3%), and southwest (7.8%). The other reason is that the 1998 summer precipitation samples from St. Anicet also contain amongst the highest (E.F.) Cu (800 Koprivnjak et al., 1994; Matthieu et al., 1995] ; (b) distances covered by parcels of air found at a pressure of 925 mbar for a period of 1 to 4 days and arriving at the stations of St. Anicet (SA) and L'Assomption (L) (both from Koprivnjak et al. [1994] and Matthieu et al. [1995] ). to 1600), and much higher than the median values (Table 3) would lend support to this interpretation. Therefore industrial regions such as those surrounding the Great Lakes and the American Midwest are potential, important contributors to atmospheric pollution over the present study area. This marked change in Pb isotope compositions for the 1998 summer samples from St. Anicet, however, were not accompanied by differences in the levels of (E.F.) Heavy metals . This suggests that either emissions from other anthropogenic sources may have decreased, or were diverted from arriving at either St. Anicet or L'Assomption due to significant seasonal changes in prevailing climatic conditions.
In order to further investigate the relation between climatic conditions and the Pb isotope composition of precipitation, air mass back trajectories were calculated for individual precipitation events sampled during the course of this study ( Figure  8 ). In particular, the three events depicted in Figure 8 are those which indicate a nonagreement in Pb isotopic ratios between the same precipitation event recorded at both stations ( Figure   6 ). For each precipitation event from each station, four curves are illustrated each representing 5-day back trajectories at 6-hour intervals for a 24-hour period of air parcels reaching both stations. Subsequently, discussion of the back trajectories is combined with the use of 206 (Figures 8a  and 8b) show that the patterns are essentially similar since the air masses originated predominantly from the Great Lakes region. Two exceptions are the 0000 and 0600 hours back trajectories at L'Assomption (Figures 8a and 8b) (Figures 8c  and 8d ). This is entirely consistent with the isotopic ratio recorded for the snow at St. Anicet; however, it is not in agreement with the radiogenic 206 Pb 207 Pb value of 1.198, (typical of U.S. anthropogenic emissions) measured for snow collected at L'Assomption. For both stations, however, the 18-hour back trajectory does flow over the NE United States and would therefore be consistent with this radiogenic Pb isotopic signal (Figures 8c and 8d) . The only way to explain the discrepancy in the Pb isotope ratios recorded at the two stations for this event and be consistent with the back trajectories is to suggest a significant time lag (of at least 6 hours) between their respective sources of aerosols.
For the precipitation event of March 9, 1998, which included rain and wet snow, the 206 Pb 207 Pb values recorded at St. Anicet and L'Assomption were 1.191 and 1.176, respectively. Figures  8e and 8f show that the back trajectories for the air masses associated with this event are essentially identical originating in the NE United States and eastern Canada. Therefore the difference in the Pb isotope ratios recorded for this event at the two meteorological stations is somewhat difficult to explain based solely on the calculated back trajectories.
On the basis of the results presented here, the use of 5-day air mass back trajectories in order to explain a discrepancy in the Pb isotopic composition of precipitations collected during the same event at both stations is not straightforward. This may be attributed in large part to the long residence times of Pb (7-30 days) and other heavy metals (e.g., Cd: 7 days) in the atmosphere [Seinfeld and Pandis, 1998] . Comparison between back trajectories and Pb isotopic composition for different events from one station, in this case St. Anicet (Figures 8a, 8c , and 8e), is consistent with mixing between Canadian and U.S. anthropogenic sources. However, the same comparison between back trajectories and Pb isotopic composition for the events at L'Assomption is not quite as evident (Figures 8b, 8d , and 8f). 
Comparison to Snowpack: Isotopic Data and Depositional Budgets
A comparison between the chemical and Pb and Sr isotopic data obtained here to those for 1997 [Simonetti et al., 2000 (Simonetti et al., submitted manuscript, 2000 snowpack samples from NE North America indicate the following interesting features:
1. With the exception of the Pb isotope data for the 1998 summer samples from St. Anicet, the remaining samples define a range in values which overlaps with those defined by 1998 and most of the 1997 snowpack (except those from NE Quebec). This range in Pb isotope compositions may be explained by mixing of atmospheric emissions from Canadian and U.S. anthropogenic sources. The fact that such unradiogenic Pb isotope values measured in the 1998 summer samples from St. Anicet were not recorded in the 1997 and 1998 snowpack samples suggests that prevailing climatic conditions (wind directions) were significantly different. Most notably is the northward migration of the Polar Front, which is the boundary between tropical and polar air masses, to latitudes between 60Њ-70ЊN from its winter position at 40Њ-50ЊN [Raatz, 1991] .
2. The range in 87 Sr/ 86 Sr values for samples studied here is also similar to that defined by the 1997 and 1998 snowpack samples. In particular, the relatively unradiogenic (Ͻ0.7085) Sr isotope values recorded solely in winter precipitations from both stations ( Figure 5 ) are similar to those measured in 1998 samples of snowpack from the regions of eastern Ontario and NE United States. It is postulated that the latter are related to atmospheric emissions from coal-fired power plants located in the western and southwestern areas of the United States (Simonetti et al., submitted manuscript, 2000) . Moreover, the relatively constant nature of the 87 Sr/ 86 Sr values for nonwinter precipitations from L'Assomption ( Figure 5 ) suggests that these may be buffered by Sr anthropogenic emissions from a local point source. These are most probably from Montréal because (1) L'Assomption is located predominantly in the downwind position from the latter; and (2) [Burke et al., 1982] and therefore overlap with the Sr isotope ratios recorded in precipitations from L'Assomption during the spring and summer seasons ( Figure 5 ). That the average 87 Sr/ 86 Sr value (0.70862) for Montréal tapwater (A. Simonetti, unpublished data, 1998) , which is most likely controlled by the dissolved Sr component from these same Paleozoic carbonate rocks, is similar to the annual weighted average value (0.70855) for precipitations at L'Assomption would lend support to the former interpretation. Moreover, the Sr isotope values for precipitations from St. Anicet, located primarily in the upwind direction from Montréal, are much more variable (and more radiogenic) during the same period of time ( Figure 5 ) and therefore consistent with this interpretation.
3. Table 6 lists estimates of the 1997-1998 winter heavy metal deposition budgets for both meteorological stations, and these are compared to those calculated for 1998 (Simonetti et al., submitted manuscript, 2000) and 1997 [Simonetti et al., 2000] snowpack from neighboring regions. The depositional budgets shown in Table 6 were calculated using monthly precipitation totals and monthly, median elemental abundances for the winter season (December 23, 1997 , to March 21, 1998 ). In addition, monthly median concentrations were multiplied by appropriate factors [e.g., Arimoto et al., 1985; Sweet et al., 1998 ] since the samples obtained here represent wet deposition only, whereas those for snowpack encompass both wet and dry deposition. The sum of the monthly depositional amounts corresponds to a period of time (ϳ3 months) equivalent to that represented by the samples of 1997 and 1998 snowpack, hence allowing for a direct comparison. The depositional budgets listed in Table 6 clearly indicate, with the exception of Mn, that winter precipitations at St. Anicet recorded higher depositional amounts of Pb, Cd, Cu, and Zn. This feature may be directly attributable to the relative proximity (25 km to the northeast of St. Anicet) of a major Zn refining plant (CEZinc), which emits the highest amount of atmospheric Zn in Canada 108,703 kg of Zn [Environment Canada, 1998 ]. Thus comparison of depositional budgets with snowpack should be restricted to those calculated using data from L'Assomption. The depositional amounts calculated for the latter are roughly similar compared to those for snowpack, with the exceptions being the depositional budgets for Zn and Mn, which are twofold to threefold lower in the former (Table  6) . A possible explanation for these discrepancies may be related to the automated sampling system employed in this study since it excludes aerosol contributions during dry deposition. Therefore it is possible that the higher Zn and Mn abundances in snowpack result from a recent (Ͻ10 years?) increase in the amount of dry deposition for these two elements, which are not accounted for by previously established partition factors between wet versus dry deposition [e.g., Arimoto et al., 1985] . Important sources of Zn-rich aerosols during dry deposition in snowpack are biological (vegetal) from the immediate sampling site, or anthropogenic source(s) such as dust from the incineration of municipal refuse [e.g., Kowalczyk et al., 1978; Mamane, 1990] , automobile tire wear [e.g., Kim and Fergusson, 1994] , or incineration of automobile tires and/or tin cans [e.g., Giauque et al., 1974] . In the latter study, Zn was predominantly present in the Ͻ0.5 m fraction, a similar-sized fraction analyzed here, and hence most probably of anthropogenic origin. Mamane [1990] stated a similar interpretation since most of the particulate mass (ϳ90%) from a municipal waste incinerator in Philadelphia was associated with the fine fraction (Ͻ2.5 m), and consisted of soluble chlorides of Zn and K. Alternative explanations for the excess abundances of Zn include a lower residence time in the atmosphere (relative to Pb, for example), particular chemical speciation which affects the deposition of Zn from the lower troposphere, or a recent increase in atmospheric industrial emissions of Zn on a global scale. The latter is a distinct possibility since an excess abundance of Zn, relative to Pb or other heavy metals, has also been documented in precipitations from Asia [Galy, 1999] , epiphytic lichens from eastern France (F. Doucet and J. Carignan, Atmospheric Pb isotopic composition and trace metal concentration as revealed by epiphytic lichens: An investigation related to two altitudinal transects in eastern France, submitted to Atmospheric Environment, 2000) , lake sediments from the Adirondack region of New York [Kada and Heit, 1992] , and in Greenland snow deposits [Savarino et al., 1994] . Lastly, the higher depositional budgets for Mn in snowpack could well be related, for the most part, to the replacement of Pb additives in Canadian automotive fuel by Mn-bearing organic substitutes subsequent to the clean air legislations adopted in the late 1970s.
4. On the basis of the data listed in Tables 1 and 2 the amounts of Pb and Sr deposited were weighted over a period of 1 year. Hence the annual, weighted average Pb and Sr isotopic composition were calculated for precipitations collected during December 23, 1997 23, , to December 22, 1998 , at both St. Anicet and L'Assomption, and these are shown in Tables 4 and 5 , and Figure 4 . The annual, weighted average Pb isotopic composition for precipitations at L'Assomption (i.e., 206 [Simonetti et al., 2000] , and those in 1998 snowpack from the neighboring regions of eastern Ontario and the northeastern United States (Simonetti et al., submitted manuscript, 2000) , the weighted average value for precipitations at L'Assomption is similar; however, that for St. Anicet is clearly less radiogenic. The latter must reflect a component of anthropogenic Pb which is characterized by an unradiogenic Pb isotope composition (i.e., 206 Pb/ 207 Pb Յ 1.00), such as that found in atmospheric emissions from smelting activity at Noranda, Québec [e.g., Sturges and Barrie, 1989] .
Assuming that the Pb isotope ratios measured in precipitations reflect simple binary mixing between two end-member anthropogenic compositions and that these have Pb concentrations of a similar order of magnitude, one may estimate their relative proportions in the mixture. If indeed one endmember is smelter emissions of Noranda-type Pb, then the relative proportion of this component recorded in the 1998 summer precipitations from St. Anicet is dependent on the isotopic composition chosen for the other end-member. 
Conclusions
The Pb and Sr isotope data presented in this study exhibit a large variation and indicate that atmospheric emissions over the region of southwestern Quebec are controlled predominantly by Canadian and U.S. anthropogenic sources. In general, precipitations from the 1998 and 1999 winter seasons from both stations are characterized by lower 87 Sr/ 86 Sr values and higher 206 Pb/ 207 Pb ratios compared to their summer counterparts. These differences may be related to significant changes in the prevailing climatic conditions/patterns related to seasonal variations. Moreover, comparison of Pb and Sr isotope ratios to calculated back trajectory analysis for individual precipitation events does not provide a direct link between (distant) source and receptor regions. This result is somewhat expected given the oversimplification in the parameters used in air mass back trajectory analysis.
Surprisingly, depositional budgets of heavy metals are higher at the rural site of St. Anicet compared to the urban setting of L'Assomption despite its closer proximity (downwind) to Montréal. One explanation may be associated with the atmospheric emissions from a local, major Zn refining plant nearby (Ͻ25 km) to St. Anicet. However, it is possible that precipitations at L'Assomption do record Sr-rich anthropogenic emissions from Montréal, as evidenced by the relatively consistent nature of their Sr isotope ratios. Comparison between winter depositional budgets for 1997 and 1998 snowpack from northeastern North America and precipitation samples obtained here indi-cates differences for all metals, in particular Zn, with the higher values being recorded in snowpack. The latter are most probably related to dry deposition processes, such as the accumulation of Zn-rich aerosols possibly from biological (vegetation) sources, and/or anthropogenic emissions such as automobile tire dust (from wear), or incineration of either municipal refuse or automobile tires.
